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INODIUCI ION

Devel opmenLs in storage b3, Lteries have been slow in comparison to

other ar'c,::s Gf energy conversion. This is especially true in the field

of alkaline batteries. There are a number of reasons for the meager

progress, but without enumerating these., it should be mentioned that

many of the breakthroughs were made by tireless individuals such as

Edison, Jungner and Andre'. An excellent review of their work is given

in the book by Falk and Salkind I

The first alkiline battery, the Lelande-Chaperon cell, was patent-

ed in 1884. Soon afterwards there were a number of variations described

in the patent literature., but a modification by Edison in 1889, the

Edison-Lelande cell, was by far the most successful. A modern day

version i. still used in railroad signaling applicatiotis, it was only

recently that production of this copper oxide-zinc battery was termi-

nated by the Edison Storage Battery Division of the McGraw--Edison Co.

In 1909 manufacturing of nickel-cadmium pocket plate cells began

in Sweden, dad almost twenty years later sintered plates were developed

in Germany for nickel-iron and nickel-cadmium cells 2. The first military

production occurred in the 1930s, and variations of the sintering and

impregnation processes are stil iý use tiday throughout the battery

industry.

The first successful siliver-zinc battery did not emerge until

S. U. Fal k arnd A.J. Sal kind, AI ka •ine Storage batteries ,John Wiley
and .sons, New York, 1969ý

G. Pf I ei derer, F . 'pa un*, P. Gmei in, K Ac ke", ann , German Pa tent
4 ,498•1



1941, after over twenty years of work on the system by Anidrei . tts

success is mainly attriijuted to develeo,"nent. of a cel ophane separator

which kept the colloidal silver oxide particles from migrating to the

negative plate.

Spin-offs from the space program are responsible for many of the

present day improvements that we have in alkaline batteries such as

Herroetically sealed nickel-cadmium cells and vastly improved silver

cells.

Military programs have also played a definite role -in many of the

current developonents in alkaline battery technology. Some of the recent

progress at the Air Force Aero-Propulsion Laboratory in ele,;trode fabri-

cation -is given in this report. Techniques in electrochemical impreg-

nation of sintered nickel plaque with cadmium and nickel hydroxide have

been developed in-house which have demonstrated vastly superior perform-

ance over electrodes presently used in nickel cadmium cells,. This nickel

hydroxide electrode is a logical cardidate over other nickel hydroxide

electrodes for the nicK,,l hydrogen cell. Due to investigations for a

charged dry stand nickel hydroxide electrode, a reserve type nickel zinc

system appears feasible for replacement of the costly silver-zinc

batteries presently used in p-imary missile batteries. FinalPv, high

power, on the order of megawatts, appears a definite reality for a rcraft

applications as a result of a development program for a bipolar electrode,

pile type silver-zinc battery.

A
H.ý fkvdre', Full. So,.. !rdnc. F hictricier,ý, (6i) , 132 ('1941)



IMPROVED SECONUARY NICKEL-CADMIUM CELLS

Nickel-Cadmium batteries have been in conmercial production over

sixty years. The earliest versions had an energy density of about four

to five watt-hours a pound and could be charged and discharged in 45

minutes.4 Welding was not fully developed; therefore, methods of con-

struction were mostly dependent upon mechanical means of assembly. In

contrast, space-age technology has provided means of producing nickel-

cadmium cells that can store and deliver up to five times the electrical

energy in a few minutes for the same weight. Needless to say, these

batteries are much sturdier ir ccvistruction than t~ie early models.

This modern day version which is the power storage device in practially

all U.S. Air Force satellites and aircraft is known as a sintered plate

nickel --cadmium battery.

1he first sintered plate cells were developed during the late i920s

at the I.G. Farben industrie A.G. in Germany. Cells using this: design

were not put into production to any extent until almost ten years later

during the early stages of World War II. Sintered plat ; have a large

active surface area, can be made unusually thin, and maky be placed very

close together. These features give rise to good high rate pe-formance.

This characteristic, along with their excellent low temperature perform-

ance, made sinterad plate nickel-cadmium cells excellent car didates for

military applications.

Watldenadr ,Junger, Swedis P thiC 1 & (1 Iin)) (ieian Pa tent 103,17(.,
(1901). See ). I a~nd A.J. S'kind, Ak rr Stoa Batfte s,
Jou.i Wi I -.y and .'ons, New York., 1969, p.

G. Pf"e iderer, F . Spajr -, in. K. Acke r-ann, c it-

L,:• i . A k r~ n , o:, : f



Prior to development of the sintered plaque electrode, act ive materlal

in the plates was held in folded pockets oF thin, perforated copper or

nickel-plated steel sheets. Graphito, was sometimes added to enhance con-

ductance of the metal oxides and hydroxides. [he porous sinered plaque

replaced the pockets yieloing a 3 ubstrate that retained the active material

whi e collecting and conductinq the electric current. The pl&que is prepared

by sintering a high surface area nickel powder with a centrally located

expanded nickel grid, wire screen, perforated nickel or nickel i'lated steel

sheet.

Sintering is , process throuoh which a mass of particles having the

approximate same composition is tr-mnsformed into a ridged body without

reachi:ig the melting point of the material. In general, the process is

possible because of the abilitý of metals and other solids to exhibit some

bulk and surface mobility. Although surface ten•sion appears to constitute

the prin(.ipau driving force, the subjc.-t is actual ly a rather complex one
6

and not ully understoed. Sintering of metal powders, such as iron or

nic:kel, under proper corditions produces a continuou., porous, conducting

matrix which can impregq:at'.<d with artive wnateri2i2ls.

IhI.; ,a tive, raw .erial in ,. nickel--cadmiuri, battery is nic:kel (111()

hyd',r- xide iN i ()pla) in te .nd cai um watj; in the negative

Ok di •sr.irge [hee are onve' ted t c nickel (TI) hydroxide (Ni(OH).,) Id

cadni iem hydlrox de (Cd(ý(3 2 respectively. The electrolyte used i;s 30-34,t

po L Istium hydre x idde. [qut ions ce;rrepienting the D]li-.rea(i:ti. vms for theeA

£ Ii ar W . Ad irenl, hy. ca he i shty a it ieli 'scat
Nt-e Yo , i. i jc , I 5 ,7 p. 263.
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processes at each electrode are shown below:

NIGH( OH-_Z'h e .... • NiOH ,O + 11,0i <: • iDscharge

Cd 20H - D esch(rqo)2+ ?eTh arygc d "

Actual ly these equations are Pot ful ly representative of all phenomena

occurring on charge and discharge in a nickel-cadmium battery., In fact,

the physics and chemistry of a nickel-cadmium battery are quite complicated

and riot fully understood, and investiritions are still being carried out

in order to better elucidate the reactions occurring at the electrodes

New Methods of Plate Manufacture

There is also a greet deal to be learned about impregnating nickel

plaques with active material. In the original developmient of the sintered

eIcctr ode the active material was introduced bh d.,pinnq the sinteted

plaunes in solution cf suitable ,etal Salt sUch ii as nitratoc,, fol 1owed

by precipitation of the setaal hydroxide,, i,, weans of a lk.ciinc s(21uit.in.

Variation>, of this method are jill used ,ody ,,ich ic,c Lie the use of

vac-uum to inctens se the -Illunt of i I trao st a drIwn i nto i Ue 'ores of the

pkii ue and a cathod t 1,tion tren 'ment in hoti ii o trolt';.v.' r-, S idut Il

i it.tat.e , ~by lonverri 11)(3 the,'l1 to 111iw itl whti hl v t1 it i ' H jzod. h i

II

t t~~t'[W O (I'[• ,! r'oeqt ir(.< d IIIII -' ()i ri m e f repel it ,),m r !() f tu7H lo.:ld ý1 1: ,1qýýt w ithl

,i.t ive, walleriol. An , ~t ctnat,0 •:th,, fw•' ill•'qwf na,:l oll,• a•: heli tot

t'r 411"f or'l' the 11u0t I <,al I ( , ,thm orb , p• t• I I• , lq le: t ýý, I i.x • ,, uIr hyý(Jt ,i (

! ]~~~ ~~~11 ,Idd , it , I ll > he ,t h(Iv( 1!i•. i ,,o', Irt: { l qnl-•l tt l,,Ir' t. w el; ' i' ' '(V , ,

tth r ll f ý-h h m ( rt h v ,t p ý h

'1 o t h e r iiit~~~l h (t 11' d ephi,; ! tt !:1 ,l1 i (i •,<<, : !w !, ! ,' !1) ! l t •, ': i~ , • ! l i+ ' ,' t '

lol Ilht , j w

ht I ,ýi I



the nature of solvent, boi in q temperature arid cur rent density.

The first of these tecnniques was developed by R.L. Beauchamp at

7Bell Telephoeo Laboratories, and involved the use of boiling aqueous

solutions. Using scanning electron microscope techniques, Beauchamp

nas shOhawn that a much mcre uniform distribution of active material is

achieved thmroughout the plaque than with conventional vacuum-alkali

8isL'etionr., • methods. Eiectrodes -abricated using this electrochemical

method show a substantial improvement in capacity and retention of

capacity with increasing cycle life. In the Bell Telephone process the

plaque is made cathodic (the negative electrode of an electrolysis cell)

in a boiling solution of nickel or cadmium nitrate and sodium nitrite

using inert anodes. A current of about 0.5 amperes per square inch of

plaque is applied for 30 minutes to one and one-half hours resulting in

a fully impregrnfted plaque. Impregnation using state-of-the-art methods

requires six Lo eight huurs.

Simiilar methods of imipwe,;uua ation have been developed at the Air Force

Aero-Propulsion Laboratory. These methods differ from the Bell method

in that. an ethanol solution is used for, impregnation of the positive plate

,•r(Ti high wrtet. d(lenSIty is use(I for impregnatiorn of the negative Plate.

lI),it i .c . rode,, i ln ot"u.g.Jt, d fvrom t. he PiFAPL pi-o(ee,; h,tve a capac it.y of

1 ) .; I0 (0 ipl'; 'r i ( i ih w,, g)pOSzod to abhout ) upcl i-. hours D('0"

(ui, n h 1o) i 1 tO '1 t.hO-,t . tt Fully in')regnated nIeglative P ate o may

Pf -t~011I) I ¾ it 3 1)"" I) Pa. P ton 3

U' ~ ~ Ill u, et( u t(,ýrn i~ iy kn 0111 ii ld.

I.. Io ~ P t i I Kij Too 4) 0, 19 4h M LE
1JI3



1, onta irzed in less than t) milnutes, using the AFAPL technique. Cel'is

having plate'" fabricated according to these orocedures have very good

high temnperature performance and very stable i.apacity throughout

npurnerous charge-id ischarge cyc 1 es.

The novelty of the AFAPL and Bell processes of impregnation is that

precipitation of nickel hydroxide and cadmium hydroxide inside the pores

or the plaque is carried out c'ectrochemicaliy from nitrate solutions

eliminating the need for conversion through dipping in alkali or through

thenral decomposition. These are not the first electrochemical methods

of impregnation that have been devised, but they are the only ones

reported that can be used for a full loading of plaque without petitions

of "he impregnation cycle. Also, with other electrochemical methods

it is difficult to depotsit the hydroxides inside the pores of the piaque

without preci pitat ion in the bulk solution 5nd on the outside of the
•31aqu surfae.ocka-,. of

piaquc surface. Thesa side effects result in blockage of the pores

limiting the arnov.nt of actie mater-,61 that can be i n',rodu1ced into the

plaque. In the Bell pr1ce:;tmhese uniesirable rcsult. ar'e 1ininzd

through additon s .odium :ti-rite te the impregnating bath.. In the
AFAR proce;s they .re e ira i~ted 1 use of dn' ethyl a ( cohol so, I ti. r.

in order U t ii a (I LnE'rJ I unfe'r mlino t the -r in1( mIes

i nvo , , I SO, nr, th ,I '( e) .4¾Ce$ ., E2: . k. ider Ira-, tap ens o " an :1que kius

1010 Other' •euit•,d,., dO• T'4?,) V : ad ' tin ... :•t.nt.r )i Wr:',ature, b t .,
Oter rkir

M 0, a U , , F ",W 3.. :K74 6Ji6/ 99 ji9/0) G)y.
° , , ,A .1 . K



nit rate sotution when electric c.uryv . tr 'is passe~d throh i . At. the

negative el cctrode (the cathode) n i trate and water iare reduiced, depend 6 og

on the applieed potential remo'ng hydrogen ions (or producing OH" icons).

[Ecuations representing these half-reactions are shown below. 'f me.tal

+ 2
NO-," +~ 2 4 -c -: N2+1-20

(or NO3 + H 20 + e *- NO2 4. 20)H-

NO- + 3H + 2e - N-- z NO2 + H20

NO3 + 401 + 3e NO + 2H20

NO03 + 5H + 4e -7 1/2N2\4 + 2 1 ,'2H 2 0

N03 - t 6H 4 + 5e- -.- 1/2N2 + H2,0

NO 3+ 7H + 6eU N H2CH + 2H20

NO3 8 5 + + 7C 1/2N114 + 3120
NO~~~~ - 2 0~4R 11

NO OH"-' 8e ... NH4, + 3 H20

H + 2 H211,,

(or, H10 +e - O/2H. + 0H-)

In:-; such as Ni r Gd , are present that form. insolubile hydro ;,ides

they are deposited on the cathode or precipitated in soluition as soon

"as the pH of the so uttion becomes suot fi:ewnfly hi gh. In other words, the

~A 4' 90 H :i0'

1N1 (or CA 2 -O Ni("H) ' 2)

At the ano-de (posit I ye electrode) the reactions occurrinj d epend

on the compositior, of the anode at:r we)I as the appl i ed pot-nt a_ I. If

""I, i r' t, allo,:ý. is present., such as !)lat.inum, water -s ox.id iz ed tý,i (oxyVQCe

and by nre qnen.-ited a s, t•,, ion If 'lWkei ,e cadren LM,• * r

•,; ii ![ t({•h -- 3," ieot.rdt I-: •: ., -''it I I,•"t l:, IJO..• plttu4: i Q!. e t:, f t ,-.Yilu/eC .

'A

o ...



o th(', n) di, ;l (-.1"t a nodes node. ar e u , S he anodes a e. evenVe!It, Lra ol no

', suinlF ( r nt jol tio1 InL su~nfIar'y.,

H2 c, 1/202 2 H + 2,n- (Inert Anodes)

Ni (or Cd) -- Ni+ (or Cd++) + 2e" (Consuirable Anodes)

As iodicated all the above reactions are reversible. Thus, it is

possible to plate nickel or cadmium as metals .mn the cathode and t.o

oxidize all the various nitrogen compounds hack to nitrate. The latter,

proces does occur to some extent under condition-:; used for elect'c-

deposition of hydroxides ir. 1ýckel plaques, but plating of metals

usuafly doesn't happen as the potential rarely beccsnes high enough to

alo .w I

f ethanol )s now acd'ded to the nitrate sclutioni, the chemistry

becomes much more complex i as t,;here are a rmmber of organic: conpounds

formed c',urin- 'lectroXlys~is, In additrion , the thermodynamic equi liblria

:ontro. in , the pH or acidi•. oL'" the solution are changed ýiucn tha ; one

ncw has a real problem i o trying to chrara.cterize the physical as well as

c henflcl aspect, of ... ,roces,-, There is enowuh known about such a

Sys tern tn, I- carry e rrj ct e I ;#c tro ys i s " aquebous etha , ol so• uti ons i .

not ent.vei 'b c-,wrka.q i C' fr. he saie rea(.tions occur at. the cathode as

i . ,l, : u -. N I t ,)t:one,,u" as -,d,,c,( I on of th

Ohof t ' e to - rr ~ ~ I

S.{ t v I I m1141 St i'' l i uaii i i I i t ermls f p1 aqle ili- ]Hc. I. i On are.

t a ro #'t: U. e &•ris.1 c(nr o 'n 'ij o:, Idat.o . on eof t on - to .icce La,0 Yde.

d I ,xbo- -V' 0e



4. -CFOP 4- h", CDON 400 4H + 4e-

C H N + 'PI 0 2NC + 2H, I ~2e2 S 2

These react~ons qenerat,2 hydrogen ions which neutralize excess hydroxide

ions coming from the reduction of nitrates. This effect helps to control

the solution acidity and prevents precipitation of hydroxides in the bulk

solution.

Listil', addition of ethanol to an aquceous solution lowers ýthe boiling

poirt. Alcohol and water from an azectrope~ at 77' Centigrade. In the

presence of nickel nitrate at a concentration favorable for plaque

impregniation (Ca. 2 mnoles per liter) boil ing occurs at about 80'C. This

tremperature perrm'its use of plastic tanks for carrving o~it deposition's

and reduces the amount of energy that would he necessary to. raise the

temperature to the aqueous boiling; point of 104")C.

From the above discuss ~on L~ is~ readily apparent that there aire

compl icating fe, tures assocc i ated with competing reacti oris and the

coxrnplec~i~atary proc?;eSS OCCUrrinj at the- counter electrode. "Ihe most

important are rcir that ý,erd tc change the pH- or ac idi ty of the

impregnation tbath. If the bath ?ý,idity is too j ý,q.O n~ydrogenjp on~S Will

reoiove the hiydroxylI i ons gcoierated in Uice pi ac.ue pore d rctr s they

Can ci~uei rto the Sma ll po:-'es fracn !ii ý1haf rice e r

Ca'Z01ifUV1 i0AS 13n61 Wi I i rcducce tIýe eff !C:'Iec y~ Of thp p 'e t.fl

a(.idit1 -c !(cVr deposits tnill buil~d ur. on thp sutr a( e 4 HaL! plaquo

'An a ieot copo is a Fo q 1 o Io ut I t~ j 4Wmo v'~ ae



and dc posit in the bu1k so;on raLhei Iha ri in the pores n In the ellI

proces s inert anodes are used, and h~ydrogE.n jon is readily generated.

Inr order to controi the i ncreased ciid ity aid buffer the s lution,

sodium ni ri te , which is a weak base and compatible wi ch 1(he chemistry

of the bath, is added to the solution. in the AFAPL processes coPsumable

anodes are used and control of the solution acidity does not become as

great a problem, Production of hydrzien ion due to oxidatior of alcohol

is a bion as it does not allow the acidity to become too low. The

creation of acetates and aLetic acid also probably helps to buffer acidity

of the solution. U of additivvs to control pH 'in the impregnation of

the negative plate by the AFAPL process is vo&: necessary.

Performance Tests for Improved Gells

Lxperimental cel'ls havirnq pQtates fabricated a&cordirg to the AFAPL

procedures show substantial improvement in perf,)rmane ov:ýr state-of-the-

art cells in terms of cycle life,. retfntion of capa.ity with ':ycle lil ?,

charge acceptance a' elevated ae..iiperatures, and enerrly density. The

a atter two properti es arei r, u <uen(:ed toi sioee extent by an incre•.•as.ed

arr;ount of cobalt additive in tnhe positiwv: filate, bit:1r mainly by efficier•t.

denosition of active material usinq electrochern-ial impregnation methods.

When cycled under a,.c.i-era ted fa ilure conditiors of el evate-

tempertunre, moderately hig,: chargje anrld di.chrq r on hour charg/

o n e hu r d i s c ha rge ) a ni 0. depth of disc harge , 22 a m pere -.hour .AI .IIL

cel1s underwent over I50 ciharqe/dischai ge cycl es. Unjer the samie

cord t i ons tatn-..of.the-,r.t •i c r, ft. e 11, of th sa:me rati fai3 e*

bha t.eori •, OO• an r ,.io O rcy( i e',

]hc i flp' r oVd r, t t, ta p j t t Ii i:a ac! i t 1I t h .yc :' P o"I. calI

Hs i rlustrated i n i i qira . I he 1d, d ni (I Q 0 ' rW t h , I Iif



n icke li -cd I (IIum celI Is is caused by the negative plate, apparentlly because

the small partliles of active material tend to-. agglc me.rate reduc ing the

act. i ve surf'ace area of the pl ate This effect is more pronounced with

retlal e'-c.trodes- It is apparently mirnimi zedc, or at least greatly

reduced, b:,y efficient distribution of the active material throughout the

plate with an electrochemical impregnation. The results shown in Figure

1 wYere taken fiom negative limited three plate cells all having equal

el.ctrode volume. Capacity per pound is 50 ampere-hours for the E.I.

electrode as opposed to 40 ampere-hours for the electrode in cell A and

46 ampere-hours for the electrode in cell B. Electrodes for A and B

were taken from unused standard aircraft cells. The cells were charged

and discharged at the one hour rate. Although e small number of cycles

4ere recorded, onz can readily tell that the trend of the curves for

oells A and B is toward a more rapid decrease ,n capacity than for the

MF:,PL ce I .

1he difference in caildcity density (or energy deni~ty) is much more

prorounced in the positive AFAPL electrodes wher compared to covimercýtil.

Perfornance of AFAP2L positi e electrodes pro~luced at a bcaker level are

;hcwn 'in Table 1 Capacities are given in ampere-hours. Wnean cycled

tloder the ':ame cond i z" is .tat{ .-c f- the-,,rt ai craft electrodes have a

cal .acilty at aboat ¶ t.o 6 :a re .--ho' r : i cor cubic inch If cycl.ed further,

tbh- A it i- •.l! .ctrodf:; e;hiil i abowt 120z. uti I i'dtion of activp maaterial 13

T Th rescon for perraent ii iI ý -inq over 100 i that. theoretical
Sc,t1) a c I y is b a s e d ýý r d ona .e - `1e 0 )t: r, ch-n(e . thv r eactior

hf ihe vc l, I. i SaV rý is a r ip li i IA!, paK I an on 'a been offered
e l;t'y .. J . J d , i i.ciiuan n i leuded Abs',t:rac ts

onl he 191,1 p ri Me, fff t, h f t ih ' t -: -micaI SC ilety,

NiZŽ, A
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Ironically, on scaling thq process up to production better results

were obtained. Results of the first and fourth impiegnation are shown

in Table II. As,,,umirg 120% utilization of active material can be obtained

from these Plectrodes, they should have a capacity of greater than 10

ampere-hours per cubic inch.

The apparatus used for impregnation is shown in Figure 2. It consists

of five anodes and four 9 1/2 inch by 8 1/4 plaque cathodes. Each plaque

is coined into six 2 3/4 inch by 4 3/4 inch electrodes. The bath is

contained in the polypropylene tank and heated by circulation through an

external resistance heater.

Plates from plaque aumbers SU-1 through SU-4 have been combined with

negative plates made from ý. similar impregnation apparatus. The resulting

cells have been ;ycled at elevated temperatures and their charge effici-

ency versus state of charqe curves recorded. A comparison of this data

with data recorded for standard 22 ampere-hour aircraft cells under the

same conditions is shown in Figure 3.

From these results it can be seen that a much more efficient

battery results from the electro,,•hemically mpregnýted plates. For

example, at 130'F1, a maximum of 71% of the total capacity can be

obtained from an aircraft battery, and this is with an overcharge of

about 40%. At the same temperature better than 85% of the capacity can

be obtained with the AFAPL cell with less than half the amount of over-

chdr-ge. At 90'F the AFAPL cells are far superior to the aircraft cells

at 75", and at I IO'F thre is hardly A compar ison between the two.

14 j... ,h,•.al Lue hf a La ttery in an a rcraft taxiing
on , runwi' in t,,o e ,i!,th ý st. di ring s-n-riar,

SI.



These results are also partly due to high concentrations of cobalt

hydroxide in the active material (Ca. 10 mole %). It has long been known

that cobalt improves high tempoerature charge acceptance in the nickel

hydroxide electrode along with capacity and cycle life. 15

Recent work by Maloy 1 6 in our laboratory has offered a partial

explanation for this effect. Using cyclic voltametric studies it was

revealed that presence of cobalt hydroxide increases the reversibility

of electron transfer in the charge-discharge cycle; in the absence of

cobalt hydroxide a difference o" 150 mV is observed between charge and

discharge peak potentials. In the presence of Ca. 10% cobalt hydroxide,

this difference is only 75 mV. The cyclic voltametric curves are shown

in Figure 4.

Chronocoulometric studies of Maloy16 show that, in presence of

cobalt hydroxide, charge efficiency was 30% greater for the micro

electrode that was used, at room temperature. High temperature studies

were not attempted.

The effect of moderately high temperature cycling (90'F) has been

studied by Lander and Pickett using pilot plant fabricated electrodes

with the same amount of cobalt. 17  Cells tested yielded greater than

9J% of original capacity at over 17010 charge-discharge cycles at the

one-hour rate of charge and discharge. Charging efficiency was also

greater than 98% at 85% of measured capacity.

15 S.U Falk and A.J. Salkind, Op. Cit., pA4.

16 J.T. Maloy, "The Effect of Cobalt Hydroxide Coprecipitation in
Nickel Hudroxide Electrodes". Final Report undepr !975 ASEE-USAF

. ~ Summer' Faculty Research Program, August, 1975.

17 J.j. Lander and D.F Picket[, Paper ;u[*nitted for presentation

at 27th Power Sources Conference, June, 1976, Atlantih City, N.J.

N I• • iiil~~~~~~~~~lllii~~~ .4I r i~l•lilr i[qi rqr• ! ~lg 'LliiN-



Under contract. with Spec trol at) AFAPL type e I ectrochem ica I ly

impregnated electrodes were used in fabrication of space cells. These

cells are presently under test at the Naval Weapons Support Center,

Crane, Indiana. Initial tests by Spectrolab showed capacities greater

than 20 watt-hours per pound (versus 16 W-nr/lb for state-of-the-art).18

The nickel hydroxide electrode made by electrochemical impreg-

nation processes appears to be a natural candidate for the new nickel

hydrogen cell due to its structural stability with respect to cycle life.

Swelling of nickel hydroxide electrodes forces electrolyte out of the

separater, thus drying out the cell stack. Also, the more demanding

heat removal problems of the nickel hydrogen cell sometimes forces cell

designers to use very narrow distances between the cell stack and cell

container. If an electrode is used which is not structurally sound,

-the plates can be shorted by the metal container.

Recent tests in our l&boratory have shown that the AFAT1 nickel

hydroxide electrode can withstand over 400 room temperature charge-

discharge cycles at deep depths of discharge witho'ft any change in

dimensions. 19

In addition to results presented here tests have been performed

by TRW Systems Group which strongly favor the use of these electrodes

in aerospace nickel-cadmium and nickel hydrogen cells. 2 0  Work is

contit .Jing on these processes and plans are being made for manufactur-

ing development in the very near future.

18 V.J. Puglisi and E.L. Ralph, "Development of Nickel Alkaline
Batteries for Aerospace Lightweight Secondary Power", Final Report
under Contract F3361.; 7 3-C-2012; AFAPL-TR-75T-64, June, 1975.

19 D.JF. Pickett, et al,. Paper suhnitted ior presentation at th!: 27th

Power Sources Conferern e, June ',975, Atlantic City, N.J.
20

R. H. Sparks P r: it ter'na n and R.lF PatSter~w,,, u, , ished ,u
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TABLE I

rERFORMANCE OF NICKEL HYDROXIDE ELECTRODES
IMPREGNATED FROM ETHANOL SOLUTIONS

Plaque rheo. Measured# % Uti I izatlon& A-fl per cc A-h per Thickness
.- p l Gcm9M_ 9! ActiveM.at. of Void ..3 (2 Ccls )

1 1.648 1.399 84.9 8.90 7.28 0.0261

2 1.968 2.208 112.2 10.10 8.19 0.0370

3 2.066 2.020 97.8 9.14 7.42 0.0347

4 2.032 2.020 99.4 9 17 7.44 0.0:344,

5 1.973 2.020 102.4 9.55 7.75 0.0328

6 1.973 2.020 102,4 9.64 7.81 0.0330

*.... Assuming weight gain due to Ni(OH) 2 + Co(OH), arl Co(OH)2 is active material.

#--2.5 amp. charge to 120% of theo. capacity then discharge at 2.5 amps.
to 0.9 volts. Average of cell with 3, 4, 5, and 6 taken,

&--After 20 charge/discharge cycles.



t+ I pegg .1,0

.'sIA/i.. L- UP I.0,l) Nb . I1FAr F ? Si ICS OF N I C '.. 1Y')p(JXi I1" .,[,'.F 1) S D! )P R&UGNATA0 FROM .THANOL SOLOT.IONS
( 0 x .25 x 0.()30" plaudqwes ic, cld1ng s ix2.75 × 4.75" .w#th . ?0" coining between arcas, 0.1 00 arourld edqes)

Plaque Wt. of Wt. of mat'i. Theo. Thickness Theo
Pi .ct ve Marl te I( 

Theo,
............... o...l.n..... Ah/. i rSu- 7 58.80 1 .7.3 16.99 -0o-6 7.

-2 57.60 1.70 16.64 .0028 6.7

-3 58.40 1 72 16.88 0031 6.8
-4 59.00 1.74 17.05 .0026 6.9

-13 77.50 2.29 22.40 .0036 9.0
-14 5 2.24 21.92 .0025 8.8
-I5 27-60 2.29 22.47 ,0036 9.0
-16 788.45 2.31 22-.67 .0040 9.3
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DRY CHARG170 INI(KEt. O~XIDE EL- ECTROIDwS FOR RESERVE

NICKEL (UXIDEZINC fBATTERJES

Wicke'l oxide> -inc b~itteries are presently being in fsti~lated ias

al t~evnat~es to the m)r~e costly silver oxide-zir&c batteries lurrenti,

usced in a number of applicat ions. Because of the long !stand times

Inv~olved in some cases, a reserve bat'tery, in which thie electrolyte

is st.)red separately for tl,ý. cell stack, must be used. The electrolyte

is, inji-ecItd into the cell chamber in order to activa":e the battery.

For such a system to be f-asible, dry char'ged electrodes having stand

tirwos or, the order of several years arf- reqivired. The positive elec-

trode is almost always helimiting factor in this case as -it has a

relatively unstablo oxidC as active material. For example, A92O2 is

unstable except in alkaline solutIan. and Ag2) is not stable at high

temferature (,-30'C. For the y;stem under investigation, the unsta~ie

oxide is nickel (III) oxide or 71,,ckel (111) hlydroxide. Tehniques "or,

making stable nickel oxi.de elec'& odos have been invest'gatedi in our"

leboratory as well as in other organizatio is,. There. -is dal-ý , of a

proprietary ntature, suggesting that it is quite possible to i.onistruct

a re(,,e nickel -zinr c battery with several ye.ars stand life,

Cne technique )~ i~bas beens emn r dit) our 1 aboro~tor'y

4nvol1 es c rý irg~i r''. coi'v(-er'1Ant 1 VilU~ cow Tp7::jnaod j p', at,! in~ KOH tzlecctro-

1 vte then washtrq in di stilIled cor eln edwatfe,,r. The plat~es are the_,n

vacuum dr ieci in i. de! s ica tor or stored under vac um f:r "If, to h. hour.,

The plates yield otdcapac ity! UpOt acti vation. Roat,1 ts of sume tests

are s;hown in Ti qUrf :S o Io1 na ter~yn dry s torage, d.a s v Iabe

to 01 a L i ri d~ ý,y)her 1)ro ce. se

V 4



Not ) Di aRcba r. gef at: C~on- t -. 5 amps
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S$1 iV L. E CXI D E: 2. N C L i. F'CT R OD 17, F() R A hU tF 1 CELL I TF
'YPE H IGH POWFI-z AT I R Y

I rlv e tA ýpa ii ens into ti fawiIi1 of a secoridlary pile t ype :; f1v,ýr

rl;d de- , ir,: Lbattery als a (andldte for use -ir a. mreawa tt eva 1ve poawer s~ys tem

was initijated in July 1972z" by Eac0 e'P CI cer' lildUStFreS UnT."Ie USAF Contrac;t.

Number F33615!-73-C -2074. ",he objective., of 'this nvine mointh progjram wias to

dermonstrat~e the ca pabil irty of~ il niivridua 1 coriponerits undler thlý eviviro)!n-

mental and el ec -tri cal condi t.ons required fcs, such an apo: I cat i on- and

Pro(.j6ýCt 01 OV'iera 1SyS tEI df.,sgr. Resulit,; of v~he eOtcve, prcqr'a:v led to

the init jationl of dhe 'record phas~e of t~he progra,,i- by -C:~e

I vidustri cls ijnde'r USAF Cont rac t Number F-3 3 f:15-!4C -20,4 S. b oiy

of this present programi is to devilop and) build the has I sjstem build-

ing block1 which -is a 100 k:iicw.'Att 1,530 volts i.ndv 200 amps)radi.

The p.reseri Y status of Nhe program inc I e,ie tlhe final noKI-iiization

of b:; as i . cel 1 c'riocnen ts earid th j rInterx~ticmrs, and testigg() full~

sca cule tc pi les to verify th( :;. n

The genc va I d :s j(qn of 0le. bas -1ý>=ry Sys teln iý '-.lodkIa r inj ý ý j :

that, the s nystclil Can fi t the a j Icat` Ion' iiu'rc 6Ž JS -a c'Jra4ýri cal rc-

prosevitation of the J-s i n of i battery '3ys teai, S cl i 0 apnro .xiaiateI

forty cel Is are. constFrxjcted inoto a submodul#I e of 50 vol t and 200 &mp

cap ýt ý t ty lf. ren u todul I , :Cin ,iia(e u,. ýa miodule v ith Ii Je aod lion of

t >!d ý1 a ti,ý .(wh i c n housf.e e 1 ecti Isa componer t:: ndl gte c (u ide

ra .i 2_ re 1,r a i 01i a i Is' Al sy-s te i s t~hi 50 Iq by re

A> ~ bwki~q ( phys-isa I ly and & oct 11r i-11 y )m0,hIe
'4 : h f. hert. f )t~ sl bnod'i s' i 'h ~.~ i i te ty ; rý e

f 10. ar dj~ a e rl f: PI :~a P~O



The i rtgrc ci or' neecto, fmor thet: 0]polar i cldey~ rves a:s In

(2011 on se., act:ivye ma Icr-ialI'ibtrt anrd the ci ccty ica I connlef'tio'n

between irid iv] dual cecl 1s iln apl e type hatr oi otercel 1cnnco

mM11 1innzes the el cOxca tnion1ven]st ivit y VroirCY t i r~esulting in

coý.in ierabi e reduction ina vol ogE. losses , in(,! since the connector servos

&S a1 COrrunor; substr-ate to aniodes and uttthodcc; * the cujrrent is distributed

"evnl aross it -ufac.,o W'ni h shoal Id lend itself to retar-d]n e"'shape

change' of the anode.

Stludi.es petii Ut the ilnter-cel I connector have been directed

towad: srfae prprti ompatibility with the electre(chenuca I

sys~tem, anid ov:ýra ii mech)buical and elecýtricaI prooet i-es S Iilver ha S

been the primary ma terial utilized ivt. H,ese stud ies arC, is pr-ocured

perMT M~-1l32832A in a conti nious roil twelve, (12' i nOes wide. ?e

par-ation of the. foil. surface was d I ect.ec towav d ordcngarugh

srin"fce for, attachinrg th~e act] "a materials , both ,;fl ver anc, n

Processes whi ch wer~e eva 1 ,ia ted included: sanvib ian tiny, as: id etch, O+G

el.- ect? 'em] cal etAch, with nI ectx'ocheimti cal etc hi ng in poteissfi ur

cyanide found mi'ost favora,,ble.

In the stud] ens of t.'hc negatlwi oVii e ý'trrde iwaý F eund des] rdbl

t o pr~ot ect th e s i Iv er Fo il* on te, noY ;e sidcf) o fl:n te- c om o n eI et trO~

Iy te 'To ach1i eve, t n] s "ippr'oach , oner S' ?crle of he s i I vet" f oilI ha s be;, ni

&cectc"Ofplatfvd wec a, Lir.Jl or7 fuv icy u inc Thu,., electroplated z inc

OPYi ~i fl ~' 1ii ~oe:v da cd. tic nitctell connectAor' aprpeafrs

'100 Wjov drd e FW'u'IIo will P iru e ii:

~ n' ' i 'se S of to 'pa n . IC tvf'oj hd10 rid& Ot tid fiewer' pr en I On S,

tan nv ., w l-'doidvua' 'nAprlY1 dOvE piic of the pi1 u

bat. ll tns he L . 9 c-ientWs also the l east. rob err lo 't

111 " . .



j, . During the Feaoz-i i1 i tiy s;tucly them "os t promi si ng cell I conif i i rc~ i tion

rcl ud~' the us of j~ incha-ge r'it i eelr trtode, which als 50.Yimpil i "e

'he process t~y eliminating ;ts e&lect~roformation pric.- to cell fabrication.

The piresent configuriition of the positiveý electrode is a Onrtered,

porous silver imatrix as shown Dy ýEM photogriphs of Figure 8. This

rzferial is deposited onto the cathode s-'d42 of the --*,te.rc,?ll conr'c;tor

vihich has been preparted as descoibed albove. The active material di, -

trobution 'is cc~ntrolied from .12 tc .15 grams per square inch at. a

thickness of .0016 inich.

The acti-ve_ positivc iuatei ial is sprayed over, Cie .2ntire surface

of Lhe ~t rfoi extending ~ct-ross the seal atea.

Procesý,inc. of t4he p-os-?tive side of the Lipolar electrode 1*S heen

soet usp in such a manner that it cain b,ý! used in a ?nt3u li1ne. How-

ev(er, since only a, limnited number of elec~trodes are requP i -for this

phi~se 0' Ole cotat*the *-quipm ent is used as az piece part setup,

."he proces;sing equipiient is divided into three (3) separate sections,

each des igned for' continuous ope-ra tion . They are:

I.Spray depoý,.it ion

3. Pr~ssinq

Th e prese.,nt proces.s rate is .apnrox i mcel v 100 ( cl,--t rod es Ipe,- hour

wi Lh con t lniuos ctcnt al of 600.

Ni* e sn i ~of.iera ti ý ~ons i'; s -f a vented s;pray b oWo with a

.!.~i'vet~ind~~si syheýAd PL U 'ver a :.ontin, flSP bel t. The spray

mad R niCro5swI(J t.ti ~ vd i- ti ý 't. ALIUu i.v- It s i~ilj1e lec trode

:0 i I j.)5A i . ',ýed 21fl, d H'A!l . li ch ~~ fiY' j.w i, -t J f~ rii ;V~ ov r i ke I screen

il I ow,i n, o V 1`S cj. f. V u o rA 1s I.4 w ; tl t 1 1 ~ ri -yed tlo I by o VC e

ir, underI t nin



The dryiny/sintet i:, oven is constructed from infrared heatingj

mokW. CIs with the first seven (7) MOiul CS aajustabt & so that the tempera-

ture -is I imi ,,d to apprroxiniafely 300'F orovid ing a zone for drying

The sintering is perfoymed -in the ncxt zone of 4 modules where the

temperature reaches approximately 900'F.

Pr-e,,-s g (.f the el,,ctrodes is p-crforrned by two(2for4)ic

diýr~neter rollers. The bottom roller is permanent while the top floats

under a controllable prossure.

Considering all components of the pile battery design, moI o' the

problems, ciuring this contract, have occurred in the configuration

and processirg of the negative electrode. Since the design of the pile

battery is more dpsir'able as a ury-uncharged unit, il: is necessar~y that

the negat-ive electrode cont~ir, as a minimum, St.fficient zinc oxide to

charge the positive electrode initially. The, remtainder of the active

mraterial is most d~Žii:rable as zinc, and wore Adaptable to thin film

elect,-ode processing.

The present configuration of the negative electrode consists of'

vapcr k~epcsiting onto the iritercel i connector, a porous zivc, structure.

Fitur e 9 stows thie phys ical st'ructure of vapor deposi ted zinc by SEM

rnhotoqraphs. T intercel 1 connector used for the zinC deposlit ion has

previouJsly been processed f~or the pus iti ye, with the exposed negative

side prepared as described earlier. The activ,! material is deposited

di rec tl1y onto the in ter(:e 1 c onnec tor at a material di str ibut ion of'

1I? to .14 q rain p~er .q ier e i nch wi th a deiis i ty of 55 to 56 gr~ims peýr

Cu~biC it i ilte) 1u 2inc is appliejCL only to the active celf area, leaving

a foil dge k, nWhich the sea] k ; a ttaoed. Chemnical anacilycsi of tLhe

Vapor de,ýIos tO.,d a;aterl al ha, h een show; to ic 99A4 percent .in. A

t i o" coat o~f /i;ox ide, i pp1 ied to ccwip Ie~ke Lhe ei ectYode by
21
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spraying the active material with .06 gra,,Tis/inch2 of zinc oxide.

The elecf.rode described in the preceding paragraph has culminated

in a structurally and electrically proven electrode resulting 'in its

use in test cells and piles. Problems have b(.n evident and are con-

tributed mainily to internally generated gases which when compounded

with the overall physical configuration, prevents the maximum from

being exhibited by the negative electrode.

Processing of the negative electrode side of the bipolar electrode

is set up on a batch basis. The present capability can produce 16

electrodes in two (2) hours which is limited by the physical size of

the vacuum chamber. Full production could be scaled up either in a

batch basis or as a continuous strip. To produce 100 electrodes in a

oatch process would require a chamber approximately six (6) feet in

diameter by six (6) feet long.

Difficulties were encountered when the negative electrode was

applied directly on silver foil. Because of the ph~sical structure

of the negative material (porous down to the silver foil) when electro--

lyte came in contac with the silver-zinc junctions effectively a

shorted oupIle was produced. This problem caused severe gassing on

activation and these gasses were not being effectively removed. To

dlieviatethis problem, beaker type tests are being conducted or.

electrolyte additives and bimetal intercell connectors. Result. of

tnese tests have shown tht by adding ZnO to the electi-olyte (saturated)

and usi .j the interc:ell conrec;tor d isr:ussed earlier ,itLh el4cc.roploated

zinc ag inst. the silver fo i (this a iminites thie coQnuion e i ectr- Iy e)

thr activation gjas': s con e reduc(-d PCItbstantially.

The ý,.hysica! design i modulay- ii r t~urt s that the sys tem con-



Figurat ion is dictated by the application. The bas ic system building

block is a 100 kw module as shown in Figure 10, which contains ten \'10)

fifty (50) volt submodules. The end plates serve the daal purpose of

housing the module electrical components and in conjunction with the

side rails form the physical restraining system for the submodules. The

ý.nd plates will have male and female interlocking straps so that the

positive ead plate of one (1) module will mechanically interlock with

the negative end plate of another moduie.

Two (2) areas are being examined independently in the design of

the module electrical system. First, the monitoring system will function-

ally be split into charge and discharge systems and the requirements for-

each have been examined. Second, the control system which must be capable

of handling discharge currents of 200 amps has been considered. Figure 11

is functional block diagram of a module electrical system, including

monitoring and controls. It is felt that this system would be the minimum

system required.

Data collected during this contract has been used in a projection

program to calculate the weight and volume characteristics of a complete

module and system. As a base power level, a module of 100 kw was used

for, the projection to a four (4) megawatt sys*em. These projection.,

include packaging and system electrical inte-connection.

Figure I? shows a comparison at various module power levels fýr

the combinations shown. The first design is a projection u .ing eX..ing

te.st data from iflti- cell tests and shows physical (.:apah• i ittie in corn.

pari::on t2 o that, proW-,, tv(.1 The resu I Is a r" withi n a proxim i t Fly I i and

Yr e ep 0c n "k V c I o "e ,-o nsýjdP ýide riq thI t ta t t. e st. ce! wf - e no p u; po.-

ly held to ohyhia] n inimun such ,s theal and sump de Io

.-- . .



The electrical perforfnance of full scale ten cell piles is shown

' in Figure 13. A cuo.rent density of 2.0 amps/in2 appears to be the upper
2

limit when considering end voltage and a current density of 1.3 amps/in

is the low.er limit due to module weiglht and volume.

The primary problem encountered with the full scale piles was

cycle life which 4s attributed to the internally generated gasses dis-

cussed earlier and ar inadequate means of removing those gasses. However,

Figure 14 is a graph of cell power versus cycles and it shows that single

cell pies, cycled as high as fifty cycles (solid lines) and the com--

ponents have demonstrated better than eighty cycles (dashed line) in

beaker type tests. It is felt that with the improvements discussed

21
earlier, cycle life requirements can be satisfied.

- This section of the report was taken frow AFAPL-TR-75I-5, "High
Rate, Rechargeable, Silver-Zinc Pile Type Battery", May 1975, by
L.R. Erisma-n. it is the final report undcr Contract F33615-74 C-'04&
ard has iimi ted di stri :u tion to U.S. Goverrnient ag- r'1c.ls onlI y.
Mr. Mar,,,h initiated this contract work. The i++•format",or extracted
here by Mr. Marsh has unlimited distribut ion.
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CONG [US 1CN$

IFrc resul ~ s prese nte5. hiere is shown thau sign-ificartt adrvances

in I r ka 1 ine ba t-.^ery elocctrcd,-e dove ,opment are bei ng made. These

,ad vacs u-c no ny*r isai "aL:. to mi Ii ctory usres , but a number of

sp n-off;s or' t~he ccrvu~ercu>i, market f-ppra '-0o be feasible. For

-.,xample, the new nickel cadmniuir 'ehctrodktss cans be used both in the

Ccarinercial Satellite aind aircraft, industries. The reserve batter~ie,-s

could be uted for a number, Of ewerciency powct 3Ipplicatiorls.

Possibly, the pile Lyn~e brttery Coýuld bts used for, portabh' tools,

Kýf the costI could he attractively reduced,

In Short, advaýnc'es such as these are necessary for ooi. national

defense, a nd may have pi- ffto the cicnrercia1 market.
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